Cytotoxic T lymphocytes (CTL) control the replication of human cytomegalovirus (CMV). Previous studies assessed the clonotypic composition of CTL specific for individual immunodominant peptides within a certain HLA context. Such an approach has inherent limitations and may not assess the true clonal CTL response in vivo. Here, the clonotypic composition of CMV-specific CTL was determined in HLA-A2, CMV-seropositive kidney transplant recipients and healthy blood donors after stimulation of peripheral blood mononuclear cells with either a pp65 whole-peptide pool or a single immunodominant peptide. Even after stimulation with the whole peptide pool, CMV-specific CTL remained monoclonal or oligoclonal. Regarding intraindividual variation, the CDR3 motifs of the dominant clones were identical to those observed in CTL generated by the single immunodominant peptide. Sequencing of the CDR3 regions demonstrated significant interindividual variation; however, structural homology was observed for immunodominant clonotypes in three individuals. In conclusion, the highly focused T cell receptor repertoire found after stimulation with either a single immunodominant peptide or a peptide pool demonstrates a pivotal role for immunodominant epitopes in the generation of a clonal repertoire. These results provide new insights into the regulation of CMV clonal dominance and may contribute to the design and monitoring of adoptive immunotherapy.
Human cytomegalovirus (CMV) is a ubiquitous pathogen (seropositivity rate 60 to 90%) that can result in significant morbidity and mortality in immunocompromised hosts such as transplant recipients, HIV-positive patients, and congenitally infected newborns. 1 Several lines of evidence, including clinical observations, laboratory studies, and animal models, indicate that the T cell immune response constitutes a key component in protection against CMV-related disease. 2, 3 Previously, CMV-specific cytotoxic CD8 ϩ T cell (CTL) responses initiated through memory T cells in blood of seropositive healthy control subjects and immunosuppressed CMV carriers were analyzed, and CMV-specific T cells were quantified. 4 -6 Until recently, chromium-release assays and limiting-dilution T cell precursor analysis were the most common experimental techniques used to measure specific T cell responses. 7, 8 Enzyme-linked immunospot assay analyzing antigen-induced cytokine secretion improved the detection. 9 Furthermore, HLA peptide tetrameric complexes facilitate counting of antigen-specific T cells by flow cytometry 10 ; however, use of such antigenic peptide-based reagents necessitates knowledge of both the immuno-dominant epitopes and their HLA restriction. In addition, responses to single immunodominant epitopes for which CMV tetramers are available may not be reflective of the response to whole antigen, whereas other epitopes dependent on other HLA-restriction elements may produce efficient T cell response in the same individual. 1, 11, 12 Recent studies aiming at quantification of CMV-specific T cells performed by our and other groups used flow cytometric analysis of peptide-inducible intracellular IFN-␥ production. 13, 14 Previously, we demonstrated that whole protein overlapping peptide libraries containing a full spectrum of T cell epitopes can be used to monitor frequencies of antigen-specific CD8 ϩ and CD4 ϩ lymphocytes 12 as well as to generate CD4 ϩ and CD8 ϩ T cell lines capable of antigen-specific proliferation and effector function, such as killing. 13, 15 Such libraries consist of overlapping 15-mer peptides, each peptide 11-amino acid overlap and spanning the entire protein's amino acid sequence. Libraries designed this way should theoretically contain all possible 9-to 12-mer epitopes for all HLA types and do not require knowledge of individual epitopes/HLA restriction elements needed for T cell stimulation.
T cells recognize viral antigen via the T cell receptor (TCR) ␣␤ heterodimer that is generated during thymic development by rearrangement of variable (V), diversity (D), and joining (J) gene segments. Additional TCR diversity is generated by imperfect joining of these segments, exonucleotide nibbling at the joins, and addition of non-germline-encoded N-region nucleotides. The regions spanning the V-D-J joins constitute the hypervariable CDR3 regions that interact with the middle of the bound peptide. 4 Analysis of TCR diversity has been previously performed in many different diseases, 16 -20 but TCR repertoire of virus-specific T cells has been studied only for a few virus-derived peptides. 4, 17, 21 These data are not reflective of conditions occurring in vivo, because other peptides than the known immunodominant one might play a role in clonal distribution of virus specific CTL.
We designed experiments to determine how an entire spectrum of virus derived peptides (peptide pool) may affect the clonal diversity of virus-specific CTL responses. We hypothesized that independent of the source of stimulation, identical immunodominant clone will be found within the same individual. To address the relationship between the type of antigenic stimulation and the clonal composition of CMV-specific effector memory T cells, we determined TCR repertoire in CMV pp65-specific cytotoxic T cells generated with pp65 peptide pool or NLVPMVATV (hereafter referred to as NLVP) single peptide (known to be immunodominant for HLA-A2) in HLA-A2, CMV-seropositive healthy, and immunosuppressed individuals.
RESULTS

Flow Cytometric Analysis of CMV-Reactive CD8
؉ T Cells
Functional characterization of CMV-reactive CD8 ϩ T cells from seropositive individuals was performed after short time stimulation of PBMC with pp65 peptide pool or NLVP. CMVspecific CD3 ϩ CD8 ϩ T cells were identified according to IFN-␥ and CD69 coexpression. Purities of CMV-specific CD3
ϩ cells obtained directly after combined magnetic cell sorting (MACS) and FACS isolation ranged from 97 to 99.5% ( Figure 1 ).
All generated cell lines contained mainly CD3 ϩ lymphocytes (range 87 to 100%). The frequencies of expanded CD3 Ϫ natural killer (NK) cells were Ͻ15% (range 0 to 13.9%). Distribution analysis of cytotoxic CD8 ϩ lymphocytes and CD4 ϩ helper T cells demonstrated that CTL constituted the predominant cell type in generated cell pools ( Figure 2 ). Generated cell lines as well as the cells obtained directly after combined MACS and FACS isolation exhibited a typical effector/memory-like functional potential characterized by TNF-␣ but no IL-2 coproduction ( Figure 2 ).
Functional Characterization of CMV-Reactive T Cells
In the next set of experiments, we analyzed the specificity profile of cell lines generated through expansion in the presence of pp65-specific library. We tested in vitro killing efficiency for various target cells. Autologous targets loaded with pp65 peptide pools (that serve as a surrogate for infected cells), control peptides (that resemble uninfected cells), and allogeneic targets (as a model for a transplanted graft) were used. We observed dosage-dependent killing of specific target T cell lines generated from healthy and transplant donors. The mean killing of specific targets was 70% for transplant patients and 61% for healthy donors at an effector/target ratio of 20:1. The mean killing of autologous and allogeneic targets was Ͻ3% for healthy blood donors and transplant patients. NK cell activity To determine the clonal composition of pp65-specific effector memory T cells in asymptomatic healthy and immunosuppressed CMV carriers, we generated pp65-specific cytotoxic T cells using pp65 peptide pool or single NLVP peptide stimulation, respectively, MACS or combined MACS and FACS separation, and analyzed the TCR repertoire spectrum by sequencing the hypervariable V-D-J region of the TCR ␤ chain. The number of different T cell clones contributing to the population of T cells specific for pp65 peptide pool or NLVP control peptide was determined, and the percentage of each clone within each individual cell population was calculated. We found mono-or oligoclonal composition of CTL in all study probands. In each of the nine individuals studied, the clonal composition of the effector memory T cells was highly focused: Six individuals demonstrated only one dominant CDR3-TCR ␤ clonotype, in three other patients were detected two different CDR3 sequences with percentages of the immunodominant clonotypes within the whole clonotype repertoire ranging from 25 to 90% as demonstrated in Table 1 . Comparable results were obtained from three independently performed sequencing analyses for each cell line (Table 1) . To exclude any potential bias toward high-avidity clones resulted by culturing of MACS-sorted CMV-specific cells, we performed a parallel analysis of TCR repertoire of CMV pp65-specific T cells obtained directly after stimulation and separation by MACS combined with FACS in two blood donors. Identical immunodominant clones were found in each particular individual independent of the source of analyzed cells (MACS plus culture versus MACS plus FACS without culture), demonstrating, therefore, that the culture conditions did not alter the clonality spectrum of CTL generated by pp65 peptide pool.
Comparison of T Cell Repertoire in T Cell Lines Generated by Stimulation with a Single pp65 Immunodominant Peptide and the Whole pp65 Peptide Pool
Repertoire of T cells generated by stimulation with a single immunodominant peptide has been shown in previous studies 4 -6 ; however, the whole protein peptide library-stimulated cell pools may resemble more in vivo situation. Consequently, we compared clonotypic repertoire of T cells generated by single peptide and peptide pool, respectively. Using pp65 NLVP single peptide, known to be immunodominant for HLA-2-positive individuals, and pp65 peptide pool as a source for T cell stimulation, we obtained four different T cell lines in two healthy blood donors. In three other blood donors, highly purified antigen-specific T cells were obtained directly after appropriate stimulation (single peptide/peptide pool) and a combination of MACS and FACS isolation without culture. After sequencing of subcloned CDR3 region of TCR ␤ chain, the amino acid motif of CDR3 was deduced and the frequencies of the found T cell clones assessed for each individual. The same immunodominant clone (identical clonotype) was found to be shared in each particular individual independent of the source of stimulation (peptide pool versus single immunodominant peptide; Table 1 ).
Analysis of pp65-Specific T Cells in CTL Lines and Peripheral Blood Using Clonotype-Specific PCR
To establish that the TCR sequence found in each individual is unique and does not occur in other HLA-A2, CMV-seropositive patients, we performed PCR assay using clonotype-specific primers. To increase the sensitivity of the assay, we performed two-step (nested) PCR using V␤ forward/J␤ reverse (one-step) and clonotype-specific CDR3 forward/J␤ reverse (two-step) primer panels ( Figure 3 ). All PCR amplification products were subsequently sequenced and PCR fidelity was confirmed. PBMC and/or CTL lines of all study individuals as well as PBMC of seven other HLA-2, CMV-seropositive healthy blood donors were analyzed by PCR using eight clonotype-specific primer panels. The created primer panels showed a very high specificity: Whereas a very bright PCR band was detected using DNA obtained from the patient whose CDR3 sequence was used to design this particular primer panel, no amplifications were seen in other HLA-2, CMV-seropositive individuals using the same primer panel (Figure 3 ).
DISCUSSION
The immune response mediated by antigen-specific T cells plays a pivotal role in the course and the outcome of CMV infection or reactivation. The introduction of MHC-peptide tetramers made possible the individual analysis of the peptide-responsive T cell clones on the basis of the specificity of their TCR. Molecular analysis of TCR repertoire enabled investigation of the clonotypic TCR repertoire and quantification of individual T cell clones without the knowledge of their TCR specificity, as we previously described for aplastic anemia, myelodysplastic syndrome, and large granular lymphocyte. 18 -20 Clonotypic composition of CMV-specific CTL has been investigated in various experimental systems. With the use of a single immunodominant CMV pp65-derived peptide for CTL stimulation, mono/oligoclonal T cell response was demonstrated in previous studies 4 -6,22 ; however, this type of T cell stimulation may not always accurately reflect in vivo conditions. Consequently, we applied the whole-protein peptide library for stimulation of pp65-specific T cells and separated the cells by IFN-␥ secretion assay MACS with or without combination of FACS.
Our study revealed that although a very high degree of interindividual clonal diversity exists within CMV T cell recognition spectrum, a marked clonal restriction among the effector memory T cells is generated from one donor using a CMV pp65 peptide library and/or a single immunodominant pp65 peptide. Within individual donors, a remarkable clonal sharing was observed; identical immunodominant clones were isolated in CTL generated by stimulation with pp65 single immunodominant peptide and pp65 whole-protein peptide pool, respectively. This finding suggests the importance of the immunodominant peptide in the intrinsically polyclonal CTL immune response. Our results are in general agreement with previous reports showing mono/oligoclonal composition of T cells obtained after stimulation with viral immunodominant peptides. 4, 5, 11, 22 Although the strong intraindividual TCR focusing was demonstrated in studies with CMV and other antigenic targets, 4,11 the most important difference between our study and previous results is that the previous studies used T cell generated by single peptide stimulation. In contrast, we obtained CMV-responsive T cell populations using stimulation with all potential pp65 peptide epitopes, which could at least theoretically lead to a very large clonal diversity. The identical sequences of the immunodominant T cell clones obtained after stimulation with single peptide and peptide pool suggest the importance of the dominant peptide in the evolution of antiviral immune response.
The TCR clonotypes derived from CTL of different donors BASIC RESEARCH www.jasn.org that recognize the same peptide-MHC complex were not identical but often may show some conservation of gene V␤ segment usage, although they differ in hypervariable sequence. 4 Consequently, in CTL clones derived from different donors, individual V␤ family and ␤ chain CDR3 motifs were conserved between TCR that recognized an HLA-A11 restricted EpsteinBarr virus peptide. 17 Similar observation was made for two different influenza virus peptides. 23, 24 In our study, CMV-specific T cells displayed an even higher degree of TCR conservation in three unrelated individuals. The conserved CTL clonotypes were the only one shared between individuals that showed very high levels of expansion despite that these T cell lines were generated by stimulation not by a single permissive peptide but by a whole protein peptide pool. Similar CDR3 V␤ clonotypes were found in two additional HLA-2, CMV-seropositive individuals reported by another group. 5 This finding strongly suggests that immunodominant clonal responses are likely to include identical/similar targets and consequently, if identified, can be used as marker clonotypes for PCR-based monitoring.
Although the high conservation of TCR motif in CTL clones obtained by stimulation with a single immunodominant peptide has been already shown by other groups, our data demonstrate to our knowledge for the first time the highly focused TCR repertoire in dominant clones reactive for the entire pp65 peptide pool. This observation might affect the design of adoptive T cell therapy. Further functional studies should be performed to prove the role of CDR3 conservation in epitope recognition.
Except for the similarity of the CDR3 motif in three patients, the found genotypes seem to be highly unique. Using clonotype-specific primer designed from the obtained TCR sequencing, we analyzed the presence of the identical T cell clones in different HLA-2, CMV-seropositive transplant patients and healthy blood donors. In agreement with other authors, 4, 6 public TCR motifs were not found. Moreover, comparative analysis of the found immunodominant TCR sequences with those of the database containing more than 5000 TCR sequences identified by sequencing in our laboratory did not reveal identical amino acid/nucleotide sequences (data not shown).
One important limitation of our experiments was the purity of the T cell in one part of the population studied. Unlike other studies, in which T cells used for CDR3 sequencing were separated by flow cytometric sorting, T cells in some blood donors were obtained by immunomagnetic selection of activated IFN-secreting cells and expansion in vitro; however, despite the possible presence of unspecific "background" cells within the analyzed T cell population, we were able to identify clearly immunodominant clones with a high percentage of clone-related colonies (in five patients Ͼ50% and in one patient 38% of all colonies belonged to one clone).
Another important limitation is a potential bias in results that can be introduced at multiple steps of molecular TCR analysis. Preferential amplification of the immunodominant clone family over background clones during multiplex PCR can be one of the most important limitations; however, this Figure 3 . Clonotype-specific PCR confirmed individually unique structure of TCR␤ chain CDR3. Genomic DNA from all generated CTL lines as well as from PBMC of seven HLA-2, CMV-seropositive healthy blood donors was amplified using clonotype-specific primer panels. Clonotypic forward primers were designed from immunodominant clonotypic sequences derived from each individual T cell line to span the CDR3 region. J␤ family region was used to design reverse primers. For increasing sensitivity of the assay, a two-step (nested) clonotypic PCR was performed. In the first step, V␤ family-specific forward primers with J␤ family-specific reverse primers were used to amplify an individual's V-D-J region. PCR products (including blank) were diluted 1:100 in water, and 6 l was used in a second-step (clonotype-specific) PCR (for sequences, see Table 2 ). Whereas all samples demonstrated amplification bands in the first-step PCR (ϩ), clonotype-specific PCR products were detected only in individuals from which clonotypes were originated (؉). No amplifications were seen in other HLA-2, CMV-seropositive individuals using the same primer panel (Ϫ). (A) Design of clonotype-specific nested PCR. The specificity of the product was confirmed by sequencing of the amplicon. (B) Results on clonotype-specific PCR for generated CMV-CTL lines and PBMC using all designed individual clonotypespecific primer panels mechanism may constitute an advantage in that irrelevant low copy number clones are experimentally "diluted." Clonal size could also be affected during selection of colonies for further amplification. Because the large number of colonies was obtained for the sequencing and the colonies were picked up randomly from the whole plate, the bias in the results by this step seems to be unlikely. In any event, while detection of immunodominance is facilitated, the precise clonal sizes may be over-or underestimated. Of note is that all results were confirmed by three independently performed cloning/sequencing analyses for each cell line.
Furthermore, it could be assumed that the found TCR repertoire of CMV pp65-specific T cell lines obtained after MACS separation with culture is altered by in vitro expansion. To examine/exclude this, we additionally analyzed the TCR repertoire of pp65-specific cells obtained directly after combined MACS and FACS separation in the same blood donors. The found sequences of immunodominant clones were identical to those obtained after single peptide/peptide pool stimulation and subsequent culture, confirming, therefore, that the culture conditions did not bring bias toward high-avidity clones.
What can be the reason for the high degree of intraindividual clonal restriction observed in individuals studied? One of the possible explanations is an affinity/avidity-driven selection process. 5 Preferential expansion of high-affinity/avidity clonotypes could explain the overrepresentation of the certain clonotypes among the clones found in our patients. As already discussed by several authors, the role of TCR affinity/avidity in peripheral T cell clonal selection remains unclear. 5 Selective loss of clonotypes expressing low-affinity TCR after primary antigenic stimulation was found to occur without further selection above this affinity threshold of clones expressing TCR with the highest affinity or half-life. 5 The possibility of further clonal focusing on secondary/chronic antigenic challenges and subsequently the mechanisms underlying this phenomenon remain a subject of speculation. It is important to note that another possible explanation for the high degree of clonal focusing is repeated exposure to the viral antigen with preferential selection of T cells expressing high-affinity TCR during maturation into long-term memory. Our results suggest that obviously only one peptide is responsible for the generation of one immunodominant T cell clone.
By combining peptide pool-based IFN-secretion MACS/ FACS assay and subsequent TCR sequencing, we demonstrated a new approach for the clonotypic analysis of pp65-specific T cells independent of knowledge of donor's HLA type or immunodominant epitopes. Major disadvantages of peptide-based protocols reported in other studies arise from the restricted knowledge of immunodominant epitopes. In most viral diseases, relevant epitopes are known for certain HLA types, such as HLA-A1, -A2, or -B7, but knowledge is limited for others. Moreover, in some patients, a peptide known to be immunodominant within certain HLA context can induce a very low response or no response at all, whereas another peptide that would not be expected on the basis of the HLA background induces a very high reactivity. 5 In our protocol, specific stimulation was provided by peptide libraries loaded on autologous PBMC. Peptide libraries are designed and synthesized solely on the basis of the protein's amino acid sequence and, theoretically, contain all T cell epitopes for all existing HLA types. Thus, in contrast to most peptide-based approaches, the protocol applied in our study does not depend on previously identified epitopes.
In summary, we demonstrate a new effective, HLA-independent method for the analysis of TCR motif and CTL clonotype using CMV pp65 overlapping peptide pool spanning the entire protein amino acid sequence. Generation of clonal repertoire seems to be influenced mainly by the immunodominant peptides, because identical TCR repertoire was found within certain individuals after stimulation with both a single immunodominant peptide and a peptide pool. This finding could be predicted but has not been shown so far. Assuming the leading role of the immunodominant CTL clones for the protective CMV immunity, our data may have important implication for the design and application of the adoptive immunotherapy as well as creation of molecular tools for monitoring strategies.
CONCISE METHODS
Patients
After informed consent was obtained, blood samples were collected from randomly selected kidney transplant patients and healthy control subjects on the basis of the presence of HLA-A2 and seropositivity for CMV IgG and according to the protocols approved by the institutional review board of the Cleveland Clinic Foundation and Charité University Medicine, Berlin. Healthy blood donors and transplant patients showed no signs of active viral replication (no measurable CMV load, negative pp65-antigenemia test). Kidney transplant blood donors were recruited from the Transplant Outpatients Unit, Charité, Campus Virchow, University Medicine, Berlin. The mean transplant age of the patients was 6.3 yr, the patients were on a triple immunosuppressive therapy (tacrolimus, mycophenolate mofetil, steroid) with a current stable graft function and no other clinical complications.
Isolation of CMV-Specific T Cells
CMV-specific T cells were obtained after appropriate stimulation (peptide pool or single peptide) and IFN-␥ secretion assay using MACS (six donors) or MACS in combination with FACS (three donors) technology. Because the number and purity of MACS-separated T cells were not high enough for direct TCR analysis, the cells were cultured as described in the next section (generation of CTL lines). FACS-generated T cells were directly used for TCR analysis.
Combined MACS and FACS Approach for Isolation of Live CMV-Specific CD3
؉ CD8 ؉ T Cells According to Secreted IFN-␥ PBMC of CMV-positive donors were isolated from 30 ml of blood by Ficoll gradient centrifugation (Amersham Bioscience, Munich, Ger-BASIC RESEARCH www.jasn.org many). PBMC were stimulated at a density of 10 7 /ml for 6 h with 1 g/ml CMVpp65 peptide pool (15-mers, 11-amino acid overlap) or with 1 g/ml CMVpp65 derived A2 restricted NLVP peptide (Jerini Peptide Technologies [JPT], Berlin, Germany) in the presence of 1 g/ml anti-CD28 (BD Biosciences, San Jose, CA). After stimulation, cells were stained for secreted IFN-␥ by cytokine secretion assay technology according to the manufacturer's protocol (Miltenyi Biotec, Bergisch-Gladbach, Germany). In addition, CD3, CD8, and CD69 were co-stained (BD Biosciences). After pre-enrichment of IFN-␥ϩ T cells over an LSϩ MACS-column (Miltenyi Biotec), live antigen-specific
sorted on a FACS Aria (BD Biosciences) and lysed using Qiagen RLT Buffer (Qiagen, Hilden, Germany). Purity was checked on a FACS LSRII (BD Biosciences).
Generation of pp65-and NLVP-Specific CTL Lines
CMV pp65-or NLVP-specific CTL were generated as recently described by our group. 25 Briefly, PBMC were isolated from 30 ml of blood by Ficoll gradient centrifugation (Amersham Bioscience, Munich, Germany). PBMC were stimulated for 6 h with 1 g/ml for each peptide using an overlapping pp65 peptide pool (JPT). Thereafter, IFN-␥-secreting cells were labeled and isolated using the immunobead-based IFN-␥ secretion assay according to the manufacturer's instructions (Miltenyi Biotec). Cells selected on the basis of IFN-␥ secretion profile were cultured in 24-well plates in the presence of irradiated autologous feeder cells in complete medium (RPMI ϩ 10% FCS ϩ 1% penicillin/streptomycin; Biochrom, Berlin, Germany) and 100 U/ml rIL-2 (Chiron, Munich, Germany). The medium was changed on day 4 and then every 2 d for the next 20 to 30 d. After formation of confluent cell layers, cells were divided 1:1. Figure 4 illustrates the procedure for generation of the T cell lines and the study design.
Identification and Functional Characterization of CMVSpecific CD8 ؉ T Cells PBMC of CMV-positive donors were stimulated at a density of 10 7 /ml for 6 h with 1 g/ml CMVpp65 peptide pool (15-mers, 11-amino acid overlap) or with 1 g/ml CMVpp65 derived A2 restricted NLVP peptide (JPT) or DMSO (negative control) in the presence of 1 g/ml anti-CD28 (BD Biosciences). Brefeldin A was added for the last 4 h to inhibit secretion of cytokines. After stimulation, cells were fixed (FACSLysing solution; BD Biosciences); permeabilized (FACSPerm solution; BD Biosciences); and stained for CD3, CD8, CD69, IFN-␥, TNF-␣, and IL-2. Cells were analyzed on a FACS LSRII (BD Biosciences; Figures 1 and 2 ). Data were evaluated using FlowJo software.
Cytotoxicity Assay
A modified Calcein-AM release assay was used for cytotoxicity testing. Target cells were labeled with Calcein-AM (15 mM) according to the manufacturer's instructions (MoBiTec, Gottingen, Germany). Target cells (1 ϫ 10 4 ) were co-cultured with T cell lines in a 96-well plate for 4 h at decreasing effector/target ratios. For spontaneous and maximum release, targets were incubated with complete media or 0.9% Triton X100 (Sigma-Aldrich, Hamburg, Germany). Samples were analyzed in quadruplicate using a fluorescence plate reader (Tecan, Zurich, Switzerland). Lytic activity was calculated as follows: Specific cytotoxicity ϭ (sample release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release) ϫ 100%.
Outliers were excluded by the Nalimow's test using the formula
where Y* is sensitivity, x* is possible outliner, x is mean value, s is standard variation, and n is number of measurement. The sensitivity was set at 1.645, yielding a 95% probability that x* was not an outlier if the result was Ͻ1.645.
Multiplex TCR V␤ PCR
The hypervariable regions of TCR V␤ chain were amplified by a twotube multiplex PCR with primer mix that covers all V␤ TCR gene rearrangements on genomic DNA or cDNA samples as described previously. 18 RNA was isolated from separated cells by Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. The RNA was quantified by the Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA) and used for cDNA synthesis as described elsewhere. 26 DNA was isolated using a commercially available DNA extraction kit (QIAamp Blood Kit; Qiagen) according to the manufacturer's instructions.
CDR3 Cloning and Sequencing
PCR products were separated on a 1.7% agarose gel, excised, and purified using the Gel Extraction Kit (Eppendorf, Hamburg, Germany) following the manufacturer's instructions. Six microliters of the purified PCR product was ligated into the TA cloning vector pCR2.1 (Invitrogen, Carlsbad, CA) followed by overnight incubation at 14°C. Ligations were heat shock-transformed into TOP10F Escherichia coli and plated on agarose plate containing X-gal and ampicillin (100 g/ml) followed by overnight incubation. For each individual, 32 to 40 bacterial colonies were picked up and analyzed. Colony PCR and subsequent sequencing of positive colonies were performed as described previously. 18 V␤ CDR3 region sequences were analyzed using the ImMunoGeneTics information system TCR alignment tool (http://imgt.cines.fr) as described previously. 18 An expanded immunodominant clonotype was defined according to its frequency among sequenced V␤ CDR3 regions. The frequency of the clones was defined as percentage of the particular unique clonotype out of total number of sequenced colonies as described previously. 18, 20 In this study, we focused on comparison of CDR3 regions that include invariant portions of V␤ and J␤ chains (in accordance with the CDR3 numbering proposed on the ImMunoGeneTics web site: http://imgt.cines.fr). To validate fidelity of the results, we performed all steps including multiplex PCR, subcloning, and sequencing analysis in triplicate, for each cell line/ CTL separation independently.
Clonotype-Specific PCR in CTL and PBMC Clonotypic forward primers were designed from immunodominant clonotypic sequences derived from each individual T cell line to span the CDR3 region and were used with J␤ family-specific reverse primers (for sequences, see Table 2 ). To increase sensitivity of the assay, a two-step clonotypic PCR was performed. In the first-step, V␤ familyspecific forward primers with J␤ family-specific reverse primers were used to amplify individual's V-D-J region. PCR products (including blank) were diluted 1:100 in water, and 6 l was used in a second-step PCR (for sequences, see Table 2 ). PCR products were analyzed on a 2.5% agarose gel. The fidelity of the clonotypic PCR was verified by direct sequencing of CDR3 amplicons. 
